I ntracranial endovascular cerebrovascular interventions
treat cerebrovascular diseases by use of minimally invasive intravascular techniques. This area of expertise has made tremendous strides during the past decade, and the rate of progress has accelerated as the discipline has gained increasing clinical acceptance. An Accreditation Council for Graduate Medical Education-approved training curriculum has been developed and approved since 2000, 1, 2 and an increasing body of clinical and scientific evidence demonstrates the application, safety, and efficacy of endovascular techniques for the treatment of cerebrovascular diseases. Several nonneurologically based endovascular subspecialties, such as vascular medicine, vascular surgery, and interventional cardiology, perform carotid artery stent placement with neurorescue via alternative Accreditation Council for Graduate Medical Education pathways, as well as a clinical practice pathway. 3 Largely because of developments in computer-aided imaging and high-resolution digital subtraction angiography with reconstruction techniques, as well as easier access to the cerebral vasculature through improved microcatheter design, navigation of the cerebral and spinal vasculature is now de rigueur. Technological developments continue to occur rapidly. The purpose of the present document is to review the current information and data for the efficacy and safety of procedures used for intracranial endovascular interventional treatment of cerebrovascular diseases and to provide recommendations for their use based on the best available evidence. Table 1 shows the American College of Cardiology (ACC)/ American Heart Association (AHA) classification of recommendations and levels of evidence. Moreover, the present document characterizes the expected success and complication rates for intracranial endovascular interventional procedures when performed by highly skilled operators. This information should be useful to enable assessment of the appropriateness, safety, and efficacy of neurovascular procedures for individual operators and institutional programs. A summary of the procedures discussed in this document, recommendations, and levels of evidence is provided in Table 2 .
Writing Group Composition
The writing group was selected to represent a broad range of experience, perspective, and expertise on neurovascular disease and treatment. Participants were solicited from the AHA councils and interdisciplinary working groups by the AHA's chief scientific officer. The members of the writing group were identified on the basis of 1 or more of the following attributes: Neurointerventionalists with a broad range of experience (in practice and in academic settings); clinical researchers who study the outcome of neurovascular procedures and stroke; directors of neuroendovascular training and treatment programs; and individuals knowledgeable about neurovascular diseases.
Literature Review
A computerized search of the National Library of Medicine database of literature (PubMed) from 1966 to July 2007 was conducted with 2 goals: (1) To identify published neurological and intracranial endovascular cerebrovascular interventional outcome data that could be used as benchmarks for quality assessment; in addition, the process sought to identify those risk-adjustment variables that affect the likelihood of success and complications. (2) To identify data that can be used as the basis for monitoring the appropriateness of performance of endovascular cerebrovascular procedures.
Broad keyword phrases for disease entities, including cerebral aneurysm, stroke, arteriovenous malformation, and cerebral stenosis, were used in conjunction with procedural terms, including coil, stent, thrombolysis, intervention, and endovascular treatment. Only English-language articles or articles with English-language translation were included. Abstracts were reviewed, and articles unrelated to the specific topic were excluded. Duplicate references and redundant publications were discarded. An analysis of treatment and outcome was performed according to the ACC/AHA classification of recommendations and level of evidence (Table 1 ).
Cerebral Aneurysms
Although cerebral aneurysms affect a relatively small number of Americans each year (incidence 6 to 16 per 100 000 4 -7 ; prevalence 0.5% to 6% of the population 8 -10 ), their importance is highlighted because of the severe morbidity and mortality associated with subarachnoid hemorrhage that re- Table 1 . Applying Classification of Recommendations and Level of Evidence *Data available from clinical trials or registries about the usefulness/efficacy in different subpopulations, such as gender, age, history of diabetes, history of prior myocardial infarction, history of heart failure, and prior aspirin use. A recommendation with Level of Evidence B or C does not imply that the recommendation is weak. Many important clinical questions addressed in the guidelines do not lend themselves to clinical trials. Even though randomized trials are not available, there may be a very clear clinical consensus that a particular test or therapy is useful or effective.
†In 2003, the ACC/AHA Task Force on Practice Guidelines developed a list of suggested phrases to use when writing recommendations. All guideline recommendations have been written in full sentences that express a complete thought, such that a recommendation, even if separated and presented apart from the rest of the document (including headings above sets of recommendatins), would still convey the full intent of the recommendation. It is hoped that this will increase readers' comprehension of the guidelines and will allow queries at the individual recommendation level.
sults from rupture of cerebral aneurysms. Three percent of all stroke cases are due to ruptured saccular aneurysms, but more than 5% of stroke deaths are due to aneurysmal hemorrhage, and more than 50% of these patients die within the first 30 days after the ictus. 7, 11 In the 1960s, McKissock et al 12 demonstrated that the benefits of craniotomy and surgical clipping of cerebral aneurysms outweighed the risks without surgery, depending on the location of the aneurysm. Since that time, there have been advances in microsurgical techniques, such as the operating microscope; nevertheless, only a minority of subarachnoid hemorrhage victims survive without disabling neurological or cognitive deficits. 13 In 1990, the Guglielmi Detachable Coil (GDC) was introduced into clinical use for the treatment of cerebral aneurysms. 14, 15 Initially used as an experimental device, the GDC system (Boston Scientific, Freemont, Calif) received US Food and Drug Administration (FDA) approval in 1995 for the treatment of surgically unclippable aneurysms. Thereafter, endovascular occlusion of ruptured and unruptured cerebral aneurysms has proliferated throughout the world. There is an increasing array of coil technology available from a number of medical device companies to treat cerebral aneurysms. Second-generation biologically active coil technology intended to improve the efficacy and durability of endovascular treatment has become available recently, but its efficacy remains unproven. Liquid embolic agents to improve occlusion rates of aneurysms are being studied (Onyx Liquid Embolic System, Onyx HD-500, Micro Therapeutics, Inc, Irvine, Calif), 16 but their use has been limited to a few centers.
Adjunctive techniques to aid coil occlusion of wide-neck aneurysms, such as balloon-remodeling and stent-assisted coil occlusion, have also been developed. In September 2002, the FDA approved the Neuroform stent (Boston Scientific), the first cerebrovascular stent device, to augment treatment of wide-necked cerebral aneurysms. 17, 18 Newer, secondgeneration stents (Johnson and Johnson Cordis Neurovascular, Miami Lakes, Fla) that are now resheathable, ie, recaptured in the delivery system if not fully deployed with a closed cell design, have recently been introduced worldwide for use in aneurysms previously deemed difficult to treat by endovascular techniques. 19 Obliteration of aneurysms with stent technology is also currently being investigated in the treatment of giant aneurysms with the Pipeline stent (Chestnut Medical, Menlo Park, Calif) 20 and other similar devices.
Ruptured Cerebral Aneurysms
The International Subarachnoid Aneurysm Trial (ISAT) is the most comprehensive study to date that directly compared the safety and efficacy of endovascular coil occlusion with surgical clipping of ruptured cerebral aneurysms. 21, 22 ISAT was a multicenter, prospective, randomized trial. Its primary objective was to determine whether endovascular coil treatment resulted in fewer dead or dependent patients, defined by a modified Rankin score of 3 to 6 at 1 year after the procedure. This study enrolled 2143 patients with an acute subarachnoid hemorrhage due to a ruptured intracranial cerebral aneurysm at 43 centers, predominantly in Europe, Australia, and North America. Most patients (88%) randomized were in good neurological condition (World Federation of Neurosurgical Societies grades I or II), and most had small aneurysms (92% were less than 11 mm in diameter.) The primary criterion for enrollment of a patient was agreement between the neurosurgeon and the endovascular specialist that the patient's aneurysm could be treated by either method. Enrollment commenced in 1994 and was halted prematurely by the steering committee in April 2003 for ethical reasons when the Data Monitoring Committee determined that the primary end point had been reached. ISAT showed that endovascular coil occlusion of cerebral aneurysms results in substantially better patient outcomes than neurosurgical clipping. 21 There was a relative risk reduction of 22.6% (95% confidence interval [CI] 8.9% to 34.2%) and an absolute risk reduction of 6.9% (95% CI 2.5% to 11.3%, Pϭ0.00082) for death or disability at 1 year. The 1-year outcome measurement point was selected to include the effects of subsequent procedures that these patients may have required and also to detect any early rebleeding that could impair functional outcomes. The rebleeding rates were low in both the endovascular and surgical groups (2.4% and 1%, respectively) and were not considered to be significant; however, the rate of seizures was substantially lower in the endovascular group (relative risk 0.52, 95% CI 0.37 to 0.74). 22 The survival advantage in the endovascular group was maintained up to 7 years, with an absolute risk reduction of 7.4% (95% CI 3.6% to 11.2%, Pϭ0.03). 22 Aneurysm retreatment occurred throughout the follow-up period in both the endovascular (17.4%) and neurosurgical clipping (3.8%) groups, but the likelihood for retreatment was 6.9 times higher in the endovascular group, thus requiring ongoing surveillance. 23 The Medical Research Council of Great Britain granted funding for ISAT through 2007 for additional data collection. These data were to include the cost-effectiveness of endovascular coiling versus surgical clipping, quality-of-life analysis, delayed angiographic findings, and rebleeding rates.
Despite global enthusiasm for the ISAT data, there have been a number of criticisms. The vast majority (78%) of patients potentially eligible for inclusion in ISAT were excluded. Nine percent of patients refused participation, whereas 69% were not deemed treatable either by the endovascular specialist or by the neurosurgeon who would perform the clipping. This left only 31% of patients who were deemed suitable for endovascular treatment, which is significantly lower than in many clinical practices. Because of disparities in time before the aneurysm was secured in the endovascular and surgical groups (longer time in the clipping group), more patients experienced rehemorrhage in the surgical group. Operator experience also may have biased the results, because the interventional neuroradiologists performing the coiling procedures were highly specialized, whereas the neurosurgeons predominantly practiced general neurosurgery, not specifically vascular neurosurgery. Finally, many aneurysms in the endovascular group were incompletely occluded compared with aneurysms clipped in the surgical cohort (66% versus 82%, respectively). Additional time will be necessary to determine the significance of incomplete aneurysm treatment.
The Cerebral Aneurysm Rerupture After Treatment (CARAT) study was designed to evaluate the risk of recurrent hemorrhage after endovascular aneurysm coil occlusion or surgical aneurysm clipping. 24 The trial included 1010 patients who were treated at 9 large medical centers in the United States from 1996 to 1998. Participants were identified by medical record review, then contacted by telephone or postal questionnaire. Maximum follow-up was 9.6 years (mean 4.4 years) for clipped aneurysms and 8.9 years (mean 3.7 years) for coiled aneurysms. Two hundred forty-one patients had died at the time of follow-up. Among the survivors, the rerupture risk for coiled aneurysms was 0.11% (95% CI 0% to 0.63%), whereas it was 0% (95% CI 0% to 0.14%) for clipped aneurysms. 24 When both of these trials are taken into consideration, endovascular coiling appears to have better clinical and neurological outcomes. Ideally, patients should be managed in centers that offer both open surgical and endovascular techniques.
Recommendation

Endovascular coil occlusion of the aneurysm is appro-
priate for patients with a ruptured cerebral artery aneurysm that is deemed treatable either by endovascular coiling or by surgical clipping (Class I, Level of Evidence B).
Unruptured Cerebral Aneurysms
The natural history of unruptured aneurysms and the role of treatment are less clear. Consequently, the management of unruptured intracranial aneurysms remains controversial. Nevertheless, unruptured aneurysms are diagnosed with increasing frequency as cerebral imaging techniques improve and are applied more commonly. The International Study of Unruptured Intracranial Aneurysms (ISUIA) aimed to assess the natural history of unruptured aneurysms and to measure the risk associated with their treatment. 25 From 1991 to 1998, 4060 patients were prospectively enrolled and observed over a 5-year period; 1692 patients with 2686 aneurysms did not receive treatment, whereas 1917 patients underwent craniotomy and surgical clipping, and 451 received endovascular coil therapy. ISUIA raises important concerns about the natural history of intracranial aneurysms and their treatment. Fifty-one patients (3%) in the untreated cohort experienced a subarachnoid hemorrhage during the study period. Nearly all hemorrhages occurred within 5 years of diagnosis, and the majority of ruptured aneurysms were at least 7 to 9 mm in diameter. For patients with aneurysms Ͻ7 mm in diameter in the anterior cerebral circulation, the risk of rupture was 0.1% per year. Yet, the range for the risk of hemorrhage was quite broad and was related to size and location. For instance, the risk of aneurysm rupture ranged from 0% to 40% depending on size in the anterior cerebral circulation and from 2.5% to 50% using the same size criteria in the posterior circulation and posterior communicating arteries.
Combined surgical morbidity and mortality at 1 year was 10.1% for patients without prior subarachnoid hemorrhage and 12.6% for patients with prior subarachnoid hemorrhage.
In the endovascular group, combined treatment morbidity and mortality at 1 year was 7.1% in patients without prior subarachnoid hemorrhage and 9.8% in patients with prior subarachnoid hemorrhage. Morbidity and mortality varied according to patient age, aneurysm size, and location. Young patients (less than 50 years of age) with asymptomatic aneurysms had the lowest surgical morbidity and mortality (5% to 6% at 1 year). Meanwhile, greater patient age did not affect the risk of aneurysmal hemorrhage but was associated with a higher risk of surgical morbidity and mortality. 25 Endovascular aneurysm treatment in patients older than 50 years was safer than craniotomy and surgical clipping but not statistically so. Because the endovascular treatment cohort (451 patients) was relatively small, wide CIs and substantial variance limit comparability with the surgical cohort. 25 Moreover, the study was neither randomized nor controlled, thus limiting its overall validity. Despite these limitations, ISUIA includes some of the best data available on the natural history of unruptured cerebral aneurysms and the effect of their treatment.
Other studies reported cohorts of patients with unruptured cerebral aneurysms retrospectively, comparing clinical outcomes between endovascular versus surgical morbidity. One of the largest of these reviewed 2535 treated, unruptured cerebral aneurysm cases. 26 These cases came from 429 hospitals in 18 states during a 1-year time period. 26 Metrics used in this study included effectiveness (as measured by hospital discharge outcomes that measured mortality rates), adverse outcomes (death or discharge to a rehabilitation or nursing facility), length of stay, and hospital charges. Endovascular treatment compared with neurosurgical treatment was associated with fewer adverse outcomes (6.6% versus 13.2%), decreased mortality (0.9% versus 2.5%), shorter lengths of stay (4.5 versus 7.4 days), and lower hospital charges ($42 044 versus $47 567; combined PϽ0.05). After multivariable adjustment, neurosurgical cases had 70% greater odds of an adverse outcome, 30% higher hospital charges, and 80% longer length of stay than endovascular cases (PϽ0.05). The authors concluded that endovascular therapy is associated with significantly less morbidity, less mortality, and decreased hospital resource use at discharge compared with conventional neurosurgical treatment for all unruptured aneurysms. 27 These data would require corroboration with a large, prospective, randomized study.
The Trial on Endovascular Aneurysm Management (TEAM) aims to study the safety and efficacy of endovascular treatment of cerebral aneurysms to prevent aneurysmal subarachnoid hemorrhage. 28 Funded by the Canadian Institutes of Health Research, the authors hope to recruit 2002 patients over a 3-year period, then monitor their clinical progress over a 10-year period. Because of controversy in the neurosurgical community, no surgical clipping group is being included in the study.
Recommendations
A number of factors should be considered to determine
whether patients with unruptured cerebral aneurysms should receive conservative management with observation or intervention by surgical clipping or endovascular coil occlusion. These factors include the size of the cerebral aneurysm, a history of prior subarachnoid hemorrhage from any source, the age of the patient, family history of cerebral aneurysms, and multiple aneurysms or concurrent pathology of other cerebrovascular disorders, such as brain arteriovenous malformation, 29, 30 fibromuscular dysplasia, 31 dissection, 32, 33 cerebral arteritis, 34 -39 
Endovascular Cerebral Revascularization With Stent-Angioplasty
Intracranial atherosclerosis accounts for approximately 8% to 9% of all ischemic strokes in population-based or hospitalbased studies. It is estimated that 40 000 to 60 000 strokes occur annually in the United States due to intracranial atherosclerosis. 40, 41 In general, intracranial atherosclerosis occurs in the setting of widespread atherosclerosis. Asians, [42] [43] [44] blacks, 45 and Hispanics 46 are more likely to have intracranial atherosclerosis than whites. Besides race and ethnicity, risk factors associated with intracranial atherosclerosis include diabetes mellitus, hypercholesterolemia, cigarette smoking, and hypertension. 45, 47, 48 Intracranial stenosis is usually detected in patients who present with an acute stroke. Most published data on the natural history of intracranial atherosclerosis are derived from patients examined either by conventional angiography or by transcranial Doppler ultrasonography. The natural history remains elusive: Intracranial stenoses may undergo progression, regression, or remain stable during the follow-up period. 42,49 -51 Some reports suggest that intracranial stenoses diagnosed in the setting of acute cerebrovascular events or during angiographic (invasive or noninvasive) evaluation before planned carotid artery revascularization will regress with medical treatment, which raises important questions about the pathophysiology of the process. Current imaging techniques cannot determine the future course of a given lesion, and the precise nature of the underlying lesion, ie, local thrombosis or atherosclerosis, is difficult to distinguish.
Prognosis after stroke associated with intracranial stenoses may be dependent on location and extent of intracranial atherosclerosis. Most of our knowledge about the natural history of intracranial atherosclerosis is based on a number of retrospective series, which are summarized in Table 3 . 48, [52] [53] [54] [55] [56] [57] [58] [59] [60] 
Antithrombotic Therapy for Intracranial Stenoses
The first Warfarin-Aspirin Symptomatic Intracranial Disease (WASID) Study was a retrospective analysis of outcomes in patients with symptomatic severe intracranial arterial disease who had been treated with either aspirin or warfarin. 61 During a median follow-up time of 14.7 months, the major vascular event rate (defined as stroke, myocardial infarction, or sudden death) was 8.4 per 100 patient-years in the warfarin-treated group, whereas during a median follow-up of 19.3 months, the rate of major vascular events was 18.1 per 100 patientyears in the aspirin-treated group. The first WASID study was retrospective, and treatment was not standardized. Therefore, it did not determine the optimal antithrombotic therapy for symptomatic intracranial arterial stenosis. Thijs et al 62 described a series of 52 patients with transient ischemic attacks or stroke due to intracranial atherosclerotic stenosis. Twenty-nine patients (56%) had additional transient ischemic attacks or stroke while receiving antithrombotic therapy, such as warfarin, heparin, or antiplatelet agents. Twenty-five patients were eligible for the follow-up after failing antithrombotic therapy. Fifteen (60%) of these patients had a TIA or stroke or died during follow-up. The median time to TIA, stroke, or death was 36 days (95% CI 13 to 59). The 15 outcome events were TIA (nϭ7), nonfatal stroke (nϭ6), fatal stroke (nϭ1), and death due to retroperitoneal hemorrhage while receiving heparin (nϭ1). 62 The second WASID trial was a prospective, multicenter, randomized, double-blind National Institutes of Healthfunded study, performed from 1998 to 2003; it was based on the earlier, retrospective first WASID trial data. 63 The second WASID trial compared the efficacy and safety of aspirin with warfarin in patients with intracranial stenosis. Patients with transient ischemic attack or minor stroke caused by an angiographically verified stenosis greater than 50% of a major intracranial artery were randomized to either warfarin (international normalized ratio 2 to 3) or aspirin (1300 mg per day). The primary study end point was ischemic stroke, brain hemorrhage, or death of vascular causes other than stroke. There was no difference in the occurrence rate of the primary study end point between the 2 treatment arms (aspirin 22.1%, warfarin 21.8%, hazard ratio 1.04, 95% CI 0.73 to 1.48, Pϭ0.83). Adverse outcome events were more frequent in the warfarin group than among aspirin-allocated patients (death 9.7% versus 4.3%; major hemorrhage 8.3% versus 3.2%; myocardial infarct and sudden death 7.3% versus 2.9%). The trial was terminated prematurely after 569 patients had undergone randomization because of concerns about the safety of the patients who had been assigned to receive warfarin. 63 Additional analysis of WASID provided important information about the risk for stroke after the qualifying ischemic event. 64 In a multivariable model that was adjusted for age, gender, and race, the risk of stroke in the territory of the stenotic artery was highest with severe stenosis Ն70% (hazard ratio 2.00, 95% CI 1.25 to 3.19, Pϭ0.0026) and in patients enrolled early (Յ17 days) after the qualifying event (hazard ratio 1.72, 95% CI 1.07 to 2.78, Pϭ0.026). 64 The WASID authors concluded that "these data indicate that intracranial stenosis is a high-risk disease for which alternative therapies are needed. Other options include aggressive management of risk factors, alternative antiplatelet regimens, and intracranial angioplasty or stenting. As yet, none of these treatments have been evaluated in a controlled clinical trial in patients with intracranial stenosis" (pp 1313-1314). 63
Endovascular Treatment of Intracranial Stenoses
Improvements in microcatheter technology have allowed for innovative endovascular neurovascular procedures. The use of intracranial angioplasty and stenting for treatment of patients with high-grade, symptomatic, or severe asymptomatic intracranial atherosclerotic disease at high risk for a stroke has been the subject of individual reports, and its efficacy has been evaluated in a few prospective, multicenter trials. [65] [66] [67] Notably, the successful use of balloon angioplasty for the treatment of intracranial atherosclerosis has been reported by an increasing number of medical centers, predominantly academic and high-volume medical centers with significant neurovascular expertise. 68 Results are encouraging, yet the procedure is technically demanding at many levels and carries substantial risk.
A recent meta-analysis of all retrospective and prospective case series published until March 2006 found periinterventional rates of 7.9% (95% CI 5.5% to 10.4%) for stroke, 3.4% (95% CI 2.0% to 4.8%) for death, and 9.5% (95% CI 7.0% to 12.0%) for stroke or death. 69 Since publication of this report, several additional series of symptomatic patients with intracranial stenosis have been published with similar rates for periinterventional stroke and death. 68,70 -79 The first prospective study, the SSYLVIA trial (Stenting of SYmptomatic atherosclerotic Lesions in the Vertebral or Intracranial Arteries), was a multicenter, nonrandomized, prospective feasibility study that evaluated the Neurolink intracranial stent system (Guidant, Santa Clara, Calif) for the treatment of extracranial vertebral or intracranial cerebral artery stenosis. 65 Sixty-one patients 18 to 80 years of age with symptoms attributed to a single arterial stenosis with Ͼ50% stenosis were included. Forty-three (70.5%) had an intracranial stenosis, and 18 (29.5%) had an extracranial vertebral artery stenosis. The 30-day stroke and mortality rates were 6.6% and 0%, respectively. Successful stent placement was achieved in 58 (95%) of 61 cases. At 6 months, 32.4% of intracranial vessels and 42.9% of extracranial vertebral arteries that were treated by stenting had restenosis. Seven (39%) of these recurrent stenoses were symptomatic. Four (7.3%) of 55 patients had strokes between 30 days and 1 year after intervention. Sixty-one percent of the restenosis patients remained asymptomatic. On the basis of this study, the US FDA granted the company a humanitarian device exemption to use balloon angioplasty and stent placement to treat high-risk patients with significant intracranial and extracranial atherosclerotic disease for which medical therapy had failed. 80 However, the risk of treatment raises questions about whether intracranial stenting alters the natural history of the disease and improves the long-term outcome of these patients. This study was not powered to show these end points, and there was no control group. In 2005, Henkes et al 66 reported the initial Wingspan (Boston Scientific) trial data, followed by additional trial data presented to the US FDA. 67 The Wingspan technique represented a new concept in cerebral artery revascularization by use of balloon angioplasty followed by placement of a self-expanding nitinol microstent across the atherosclerotic lesion in the brain. Revascularization with the Wingspan stent was performed in 45 patients with symptomatic intracranial atherosclerosis Ͼ50%, who were enrolled from 12 European sites. Of these cases, 95% had prior strokes, and 29% had transient ischemic attacks. Technical success for angioplasty of the stenosis and stent deployment was achieved in 98% (44/45) of cases. The composite 30-day rate of death or ipsilateral stroke was 4.5% (2/44), the 6-month death or ipsilateral stroke rate was 7.1% (3/42), and the 6-month all-cause stroke rate was 9.5% (4/42). 67 On the basis of these data, the US FDA granted humanitarian device exemption approval for the Wingspan stent system in 2005 to treat symptomatic patients with an intracranial stenosis Ͼ50% that was refractory to medical therapy. Approval for this stent system was also obtained in Europe.
In 2007, a consortium of 4 cerebrovascular treatment centers published a series of 78 patients with 82 symptomatic intracranial stenoses with Ն50% luminal narrowing, all treated with the Wingspan intracranial stent system. Stent implantation was achieved ("technical success") in 98.8%. The composite ipsilateral stroke and death rate was 4.5% at 30 days. 81 At short-term follow-up, 10.2% of patients developed symptomatic restenosis in the territory of the initially treated vessel. 78 The authors concluded that revascularization with the Wingspan system is a viable treatment option in this patient population; however, high rates of early restenosis, up to 30% in the aggregate during short-interval follow-up, have been described and raise questions about the durability of this particular technology and approach to treatment. 76, 82 A second registry funded by the National Institutes of Health studied 129 patients at 16 medical centers and found that there was a 14% rate of stroke, hemorrhage, or death at 30 days or ipsilateral stroke at 6-month follow-up. 83 The value of stent-assisted angioplasty in the treatment of intracranial atherosclerosis remains to be established. A phase III clinical trial called SAMMPRIS (Stenting and Aggressive Medical Management for Preventing Stroke in Intracranial Stenosis), funded by the National Institute of Neurological Disorders and Stroke (NINDS), will compare intracranial stenting with best medical therapy in carefully selected patients with symptomatic intracranial arterial stenosis. 84 The trial began recruiting patients in November 2008.
Recommendations
Patients with intracranial stenoses should receive advice
about lifestyle modification and treatment of atherosclerotic risk factors with statins, angiotensin-converting enzyme inhibitors, and antithrombotics as recommended by the AHA/American Stroke Association guidelines for secondary stroke prevention 85 (Class I, Level of Evidence A).
Endovascular revascularization by intravascular balloon
angioplasty and/or stenting may be considered for patients with symptomatic severe intracranial stenoses (Ͼ70% luminal narrowing) despite optimal medical therapy (Class IIb, Level of Evidence C).
Acute Ischemic Stroke
Intra-Arterial Thrombolysis
Stroke is the third-leading cause of death in the United States, Europe, Canada, China, Korea, and Japan. There are more than 750 000 new strokes each year, which cause more than 200 000 deaths annually in the United States at a cost of more than $57 billion. 40 The vast majority of strokes are ischemic, and stroke is the major cause of adult disability. Recombinant tissue plasminogen activator (rtPA), a thrombolytic agent, is currently the only drug to receive FDA approval for treatment of ischemic stroke (via intravenous administration). Among the large number of stroke trials performed during the last decade, the only 2 successful intravenous stroke thrombolysis trials were part 1 and part 2 of the NINDS rtPA trials. These resulted in FDA approval of intravenous thrombolysis with rtPA for the treatment of ischemic stroke in selected patients within 3 hours after stroke onset. 86 This is now considered worldwide as "standard of care." Recent surveys indicate that intra-arterial thrombolysis is used less frequently than intravenous thrombolysis. According to 1999 to 2001 National Hospital Discharge Survey data, there were 1 796 513 admissions for ischemic stroke between 1999 and 2001. 87 Of these admissions, 1314 (0.07%) were treated by intra-arterial thrombolysis, and 11 283 (0.6%) received intravenous thrombolytic therapy. Another estimate of thrombolytic therapy treatment for acute ischemic stroke is derived from the Greater Buffalo and Erie County stroke study. 88 Intravenous and intra-arterial thrombolysis was used in 1.4% and 0.3% of 1590 patients admitted to 11 hospitals, respectively.
Intra-arterial thrombolysis is typically considered when patients miss the therapeutic 3-hour window for intravenous thrombolysis. Some stroke centers use intra-arterial thrombolysis within 3 hours after stroke onset either as primary intervention or as rescue intervention after systemic thrombolysis. The intra-arterial approach has been promoted because a high concentration of thrombolytic agents may be delivered into the cerebral circulation at the location of the occlusive thrombus in conjunction with mechanical clot manipulation or extraction. 89 Mechanical revascularization may be beneficial in occluded cerebral arteries with a large clot burden.
Recanalization depends on the cerebral artery and the location of the occlusion within the artery. For example, as assessed by validated transcranial Doppler criteria (Throm-bolysis in Brain Ischemia [TIBI] flow grades), treatment with intravenous rtPA demonstrated complete recanalization in 50 (44%) of 113 patients with distal middle cerebral artery occlusion, 49 (30%) of 163 patients with proximal middle cerebral artery occlusion, 1 (6%) of 17 patients with terminal internal carotid artery occlusion, 6 (27%) of 22 patients with tandem cervical internal carotid artery and middle cerebral artery occlusion, and 3 (30%) of 10 patients with basilar artery occlusion. 90 Complete recanalization translates into improved overall clinical outcome: Patients with minimal or no recanalization have a worse outcome than patients with complete recanalization. 90 The value of intra-arterial thrombolysis to improve patient outcomes remains controversial given the lack of adequately designed and powered randomized, prospective trials, and current evidence is mostly derived from case series (see Mandava and Kent for review 91 ). Even for basilar artery occlusion, with its high risk of severe associated morbidity and mortality, intra-arterial thrombolysis remains controversial. [92] [93] [94] [95] Intra-arterial thrombolysis has been tested only in a few controlled trials. The safety and efficacy of intra-arterial administration of recombinant prourokinase for treatment of middle cerebral artery occlusion of less than 6 hours' duration were demonstrated in the Prolyse in Acute Cerebral Thromboembolism Trial (PROACT-I). 96 Subsequently, the clinical efficacy of intra-arterial thrombolysis with recombinant prourokinase for middle cerebral artery occlusion was confirmed in PROACT-II, which was completed in 1998. In PROACT-II, patients with National Institutes of Health Stroke Scale (NIHSS) scores between 4 and 30 (median NIHSS 17) were screened with angiography. 89 As in PROACT-I, major exclusion criteria included intracranial hemorrhage, infarction of greater than one third of the middle cerebral artery distribution on computed tomographic brain scan, and stroke syndrome greater than 6 hours in duration. A total of 180 patients were randomized in a 2:1 manner to receive 9 mg of prourokinase, which was administered directly onto an angiographically proven middle cerebral artery occlusion, plus low-dose heparin (2000-IU bolus with 500 IU per hour for 4 hours) or low-dose heparin alone. The primary outcome measure was the percentage of patients who achieved a modified Rankin score less than 2 at 90 days after ictus. Secondary measures included the percentage of patients with NIHSS Յ1 at 90 days, angiographic recanalization, symptomatic intracranial hemorrhage, and death. PROACT-II demonstrated a 15% absolute benefit in the number of patients who achieved modified a Rankin score less than 2 at 90 days. Recanalization at 2 hours was achieved in 66% of the prourokinase group versus 18% of the heparin-only (control) group; symptomatic hemorrhage by 24 hours occurred in 10% of the prourokinase group versus 2% of the control group. 89 Like the NINDS trial, administration of the thrombolytic drug resulted in a higher rate of early symptomatic brain hemorrhage; however, patients benefited from treatment, and there was no excess mortality (24% for prourokinase plus heparin versus 27% for heparin only). The results were encouraging but did not result in FDA approval.
A small, randomized, multicenter trial compared intravenous urokinase with intra-arterial urokinase administered within the first 6 hours of acute ischemic stroke. 97 Patients were randomly assigned to receive either intravenous (nϭ14) or intra-arterial (nϭ13) urokinase (each 900 000 U). The study was terminated prematurely because 7 patients (26%) died, 4 in the intravenous group and 3 in the intra-arterial group. Recently, a case-control study was reported from Japan's Multicenter Stroke Investigator's Collaboration (J-MUSIC). 98 Clinical outcomes for 91 patients who presented within 4.5 hours after stroke onset and received intraarterial urokinase were compared with a matched control group of 182 patients who did not receive intra-arterial urokinase. The modified Rankin scale score at discharge was significantly lower in the urokinase group than in the control group (2.8 versus 3.3, respectively). A favorable outcome (modified Rankin scale of 0 to 2) was observed more frequently in the urokinase group (51%) than in the control group (34%). A third study 99 randomized 16 patients with angiographic evidence of posterior circulation vascular occlusion who presented within 24 hours of symptom onset to either intra-arterial urokinase or conservative management. There was some imbalance between groups, with greater severity of deficit at baseline observed in the urokinase treatment arm. Good outcomes were observed in 4 of 8 patients who received intra-arterial urokinase and in 1 of 8 patients in the control group.
Recanalization rates for major cerebrovascular occlusions with the intra-arterial therapy approach were 70% compared with 34% with intravenous thrombolysis. 89 This difference was most apparent in patients with internal carotid, carotid terminus, or proximal middle cerebral artery occlusions. Despite the uncontrolled observation that recanalization rates may be higher with intra-arterial thrombolysis than with intravenous thrombolysis, 100 clinical benefit may be counterbalanced by delays to initiation of treatment with the intraarterial approach. The AHA/American Stroke Association guidelines for the early management of adults with ischemic stroke concluded that intra-arterial thrombolysis is an option for the treatment of selected patients who have major stroke of Ͻ6 hours' duration due to occlusions of the middle cerebral artery who are not otherwise candidates for intravenous rtPA. 101 Recently, emphasis has been placed on deriving information from the initial angiogram to determine the site of occlusion and identify the collateral supply to the affected region. New data suggest that this information may be incorporated into a scheme to stratify patients into expected rates of recanalization and short-term outcome after intra-arterial thrombolysis. 100, 102 For instance, proximal occlusions of the intracranial internal carotid artery and the middle cerebral artery stem demonstrate low recanalization rates, 8% and 26%, respectively, after intravenous administration of thrombolytic agents. 103, 104 Several recent trials have explored the adjunctive role of endovascular methods with intravenous thrombolytic therapy to treat acute stroke. The Emergency Management of Stroke (EMS) trial was a phase 1 pilot trial that randomized patients to a partial dose of an intravenous thrombolytic drug (alte-plase 0.6 mg/kg) versus intravenous placebo. Both groups then underwent arteriography and received up to 20 mg of intra-arterial alteplase for acute middle cerebral artery occlusion. 105 Arteriography did not demonstrate vessel occlusion in one third of patients in the angiogram performed after low-dose intravenous thrombolysis. Good outcomes were achieved in 66% of 15 patients with M1 or M2 middle cerebral artery occlusions at a mean time to treatment of 4.2 hours. Although bridging intravenous with intra-arterial thrombolytic therapy achieved a higher rate of recanalization, there was no significant difference in functional outcomes between the 2 groups.
Interventional Management of Stroke (IMS) is a series of studies that explored the combination of intravenous with intra-arterial thrombolytic therapies when early recanalization did not occur after intravenous therapy alone. In IMS-1, a bridging, or partial dose, of intravenous rtPA (0.6 mg/kg) within 3 hours of stroke onset was combined with intra-arterial rtPA (Յ22 mg). Outcomes were compared with patients in the placebo and intravenous rtPA-treated subjects from the NINDS rt-PA Stroke Trial. 106 IMS-1 showed improved clinical outcomes compared with the NINDS rt-PA Stroke Trial placebo group despite a statistically significant increase (6.3%) in symptomatic hemorrhage; however, IMS-1 patients showed no better functional outcomes than patients in the NINDS rt-PA Stroke Trial who received intravenous thrombolytic therapy. 106 IMS-2 was designed to test combined intravenous and intra-arterial rtPA with a novel intraarterial ultrasound infusion system designed by EKOS Corp (Bothell, Wash). The EKOS microinfusion catheter (Primo catheter) uses acoustic streaming to increase fluid permeation, thus driving the thrombolytic agent into the thrombus. In IMS-2, 55 patients received intravenous thrombolysis followed by intra-arterial intervention (36 patients by sonography microcatheter and 19 by standard microcatheter). 107 Among the 29 patients treated with the Primo catheter and sonography activation, complete recanalization was achieved within 60 minutes in 12 (41%) and within 120 minutes in 20 (68.9%). The authors chose to compare these results to findings from control patients in IMS-1. Complete recanalization was achieved in 7 (30.4%) of the 23 control patients from the IMS-1 trial. Overall, the pooled analysis based on IMS-1 and IMS-2 showed that complete recanalization was achieved within 120 minutes in 68.9% of patients with the EKOS Primo catheter with sonography activation compared with 53.3% of patients by use of either the EKOS Primo catheter without sonography activation or IMS-1 standard microcatheter intervention. Successful revascularization correlated with good outcome. IMS-3 is now under way to test combined intravenous and intra-arterial thrombolytic therapy along with intra-arterial appliances such as the EKOS microinfusion catheter and the Concentric Merci thrombectomy device. 108 If additional intra-arterial stroke devices achieve FDA approval, these may be added to the protocol.
Other studies are also in progress to evaluate the efficacy of drugs and devices for acute ischemic stroke treatment. The use of perfusion-weighted magnetic resonance imaging to assess response to intravenous thrombolysis and as a basis for intra-arterial treatment can improve clinical outcomes beyond those in the IMS trials.
Recommendations
Current indications for intra-arterial thrombolysis by appropriately qualified and certified physicians include the following:
1. Intra-arterial thrombolysis is indicated for treatment of selected patients with major stroke of Ͻ6 hours' duration due to an occlusion of the middle cerebral artery (Class I, Level of Evidence B). (This recommendation has not changed since the publication of previous guidelines. 109 
Mechanical Clot Extraction
A number of medical devices have been used over the past decade to extract thrombi from occluded intracranial arteries in patients with an acute ischemic stroke. 110, 111 In the Mechanical Embolus Removal in Cerebral Embolism (MERCI) trial, vessels were opened within 8 hours from symptom presentation with a device that removed the thrombus from an intracranial artery. 112 Rapid opening of the artery was achieved, but overall efficacy and safety achieved with the MERCI retrieval system were similar to those that occurred with intra-arterial prourokinase in the PROACT-II trial. 89 For instance, the rate of recanalization of the middle cerebral artery in MERCI was 45%, and it was 66% in PROACT-II. In the MERCI trial, 17 patients received thrombolytic medications when the device was unable to achieve adequate recanalization, but the outcomes of these specific patients were not reported separately. The FDA has approved the MERCI device for reopening intracranial arteries in acute ischemic stroke. Its clinical efficacy, however, has not been fully established in a controlled outcomes trial.
Multi-MERCI was a multicenter, prospective, single-arm trial of thrombectomy that included 177 patients with moderate-to-severe large-vessel ischemic strokes. 113 Eligible patients were those within 8 hours of stroke onset who had either failed to respond to intravenous rtPA or were ineligible for intravenous rtPA but were still eligible for intra-arterial treatment. The thrombectomy device was deployed successfully in 164 patients. Recanalization was achieved in 55% of patients with the thrombectomy device alone; the percentage of recanalized vessels increased to 68% with combined mechanical and intra-arterial thrombolytic therapy. Symp-tomatic intracranial hemorrhage occurred in 9.8% of patients, and significant procedural complications occurred in 5.5% of patients. Good neurological outcomes (modified Rankin scale score Յ2) were observed in 36% of patients at 90 days; however, there was a 34% mortality rate at 90 days. The high mortality may be due to the stroke severity of the cohort (mean NIHSS 19 points, interquartile range 15 to 23). A recent trial of mechanical clot extraction with the Penumbra System (Penumbra, Inc, San Leandro, Calif), a device designed to revascularize large-vessel occlusions in the intracranial circulation, was completed recently, and its publication in a peer-reviewed journal is pending.
Angioplasty and Stenting
Limited data are available about the use of angioplasty and stenting in the emergency treatment of intracranial or extracranial lesions in patients with an acute ischemic stroke. 114 -117 Jovin et al 118 achieved recanalization in 23 of 25 patients by emergency stenting of a total occlusion of the extracranial internal carotid artery in the setting of an acute (nϭ15) or subacute (nϭ8) ischemic stroke. Brekenfeld et al 119 treated 350 patients with intra-arterial urokinase and observed increased recanalization rates with adjunctive angioplasty and stenting. Angioplasty with or without stenting also has been combined with emergency administration of thrombolytic agents in patients with occlusions in the vertebrobasilar circulation. A retrospective review of patients treated with stenting and angioplasty for intracranial occlusions found a 90% recanalization rate. 120 Angioplasty plus stenting also has been used to treat patients with acute stroke secondary to carotid artery dissection. 121 Recommendations 1. Although the Concentric Merci device can be useful for extraction of intra-arterial thrombi in appropriately selected patients, the utility of the device in improving outcomes after stroke remains unclear (Class IIb, Level of Evidence B). 2. The usefulness of other endovascular devices is not yet established, but they may be beneficial. (Class IIb, Level of Evidence C).
Arteriovenous Malformations and Dural Fistulas Cerebral Arteriovenous Malformations
Intracranial arteriovenous malformations (AVMs) are an uncommon but important cause of serious neurological disability or death. Advancements are being made in our understanding of the cause, prevalence, incidence, and natural history of these lesions, as well as the effect of treatment. The exact prevalence of cerebral AVMs in the United States is not known. The AVM detection rate in the general population based on prospective data from the New York Islands AVM Study is approximately 1.34 per 100 000 person-years. 122 Elsewhere, the detection rate is 1.11 per 100 000 personyears. 123, 124 The prevalence of brain AVMs is so low, however, that any estimate of prevalence rate will be limited by population size. 125 Approximately half of all cases (0.55 per 100 000 patient-years) present with hemorrhage, 126 but the most common mode of presentation is probably seizures. 124, 127 The risk of hemorrhage has been estimated to range from 2% to 4%, but recently, these risk point estimates have been challenged. 128 Lifetime risk can be estimated roughly by subtracting the patient's age from 105. 129 With neuroimaging techniques, many AVMs are now discovered before they cause brain hemorrhage. In the only prospective determination of hemorrhage risk, the annual risk was 2% for AVMs that had not already hemorrhaged. The risk was dramatically higher for patients with prior hemorrhage: 32.9% during the first year and 11.3% thereafter. 130 The standard of treatment and cure remains surgical excision. Other treatments include endovascular surgery with embolization and focused radiosurgery. Surgical morbidity can be improved by preoperative endovascular embolization in selected cases. Preoperative embolization was performed with a low risk of permanent, disabling neurological deficit (2% to 3%). 131, 132 An outcomes trial comparing natural history with modern multimodality therapy over 5 years has recently received funding from the National Institutes of Health. 128
Dural Arteriovenous Fistulas
Dural arteriovenous fistulas, or dural AVMs, are acquired artery-to-vein shunts within the dura mater, often without a distinctive vascular nidus. They constitute 10% to 15% of all intracranial AVMs. 133 Symptoms depend on the location of the fistula and range from pulse-synchronous tinnitus and exophthalmos to cranial nerve deficits, dementia, venous infarct, intracranial hemorrhage, and even death. Unlike AVMs of the brain parenchyma, dural fistulas are often amenable to curative endovascular treatment with contemporary transvenous or transarterial embolization techniques. Similarly, certain pediatric fistulas, including the vein of Galen malformation, may be amenable to curative occlusion by endovascular techniques. Compared with some surgical series in which 90% of children with vein of Galen malformations died at surgery and the remainder remained severely disabled, up to 80% of cases can now be palliated or cured by use of endovascular techniques, with good to excellent functional outcomes. 134, 135 Recommendations 1. Endovascular techniques for treatment of AVMs and dural arteriovenous fistulas may be considered in certain circumstances (Class IIb, Level of Evidence C). 2. Endovascular treatment for dural fistulas may be curative, although it is usually adjunctive therapy for pial brain AVMs (Class IIb, Level of Evidence C).
